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Structural Mechanisms of Nonplanar Hemes in Proteins

John A. Shelnutt

Catalysis and Chemical Technologies Department

Sandia National Laboratories
Albuquerque, NM  87185-0710

Abstract

The objective is to assess the occurrence of nonplanar distortions of hemes and other
tetrapyrroles in proteins and to determine the biological function of these distortions.
Recently, these distortions were found by us to be conserved among proteins belonging to
a functional class.  Conservation of the conformation of the heme indicates a possible
functional role.  Researchers have suggested possible mechanisms by which heme
distortions might influence biological properties; however, no heme distortion has yet been
shown conclusively to participate in a structural mechanism of hemoprotein function.
The specific aims of the proposed work are: (1) to characterize and quantify the
distortions of the hemes in all of the more than 300 hemoprotein X-ray crystal structures
in terms of displacements along the lowest-frequency normal coordinates, (2) to determine
the structural features of the protein component that generate and control these nonplanar
distortions by using spectroscopic studies and molecular-mechanics calculations for the
native proteins, their mutants and heme-peptide fragments, and model porphyrins, (3) to
determine spectroscopic markers for the various types of distortion, and, finally, (4) to
discover the functional significance of the nonplanar distortions by correlating function
with porphyrin conformation for proteins and model porphyrins. The normal structural
decomposition (NSD) method is crucial to successfully achieving these goals.  NSD is a
new computational procedure for quantifying the distortions of porphyrins, especially in
protein crystal structures.  Using the NSD procedure, the heme groups in X-ray structures
are found to show different conserved distortions for different functional classes of
proteins.  The NSD method in combination with molecular mechanics and spectroscopic
studies provide the means for discovering the structural mechanisms that cause the
different types of distortion.  Understanding the influence of heme nonplanarity on the
function of heme proteins has substantial significance for understanding allosteric control
mechanisms in biology and for the purpose of developing biomimes for use in health-
related and commercial processes.
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a. Introduction

Our ultimate goal is to determine the functional significance of nonplanar heme distortions in hemoproteins.
It has been recognized for about 10 years that the hemes in many hemoproteins are highly distorted from
planarity and that these nonplanar distortions might play a role in their biological function.1-4  In related
photosynthetic proteins, nonplanar distortions have been suggested to influence the redox properties of
chlorophyll pigments, with consequent effects on electron-transfer rates in photosynthetic reaction centers and
antennae complexes.1a,b  More recently, by using a new method for characterizing and quantifying these
distortions, our group has found that these distortions are often of different types for proteins with different
functions, and the types of distortion are conserved for proteins belonging to the same functional class.5,6  This
suggests even more strongly that the biological function of hemoproteins might be modulated by protein control
over the conformation of the heme prosthetic group.  The importance of the nonplanar distortions of the heme is
also emphasized by recent studies of model nonplanar porphyrins showing, first, that hemes are expected to be
nearly planar in absence of the protein moiety7 and, second, that the nonplanar structure influences relevant
chemical and photophysical properties (e.g., axial ligand affinity, redox potentials, transition dipoles and
energies).1-4,8-11

The first specific aim of the proposed work is to evaluate all of the 325 heme protein X-ray crystal structures
in the Protein Data Bank using the newly developed normal structural decomposition (NSD) procedure.5,8,12

This will quantify and characterize the heme conformational motifs present in the hemoproteins and the degree to
which these motifs are maintained within functional classes of proteins.  Already over 100 hemes of the proteins
have been characterized with NSD and, in most cases, the nonplanar structures have been found to be
characteristic of the specific protein types.  The structural decomposition of all of the hemes in the Protein Data
Bank will also delineate the effects of natural amino acid sequence variation, mutation, axial ligation, and other
protein differences on the conformation of the heme.

Another aim is to relate the primary, secondary, and tertiary structure of the protein moiety to the particular
conformation of the heme.  In the case of the c-type cytochromes, a mechanism for producing the strong ruffling
of the heme skeleton is suggested by the NSD results.5,6,12  We expect that NSD characterization of the hemes in
other proteins will lead to other hypotheses relating protein structure and heme conformation.  Based on these
hypotheses, spectroscopic and molecular modeling studies will be carried out to verify or disprove the structural
mechanisms proposed.  The methods to be used in these studies are illustrated by our preliminary results for
nickel-reconstituted cytochrome c and nickel microperoxidase-11, in which a proposed mechanism of protein-
heme interaction leading to the ruffling of the heme in the cytochromes c is tested.

Studies of model nonplanar porphyrins are also necessary to improve the ability of spectroscopic techniques
to distinguish the types and magnitudes of distortion of the heme.  Currently, resonance Raman spectroscopy
allows one to distinguish the magnitude of nonplanar distortion but not the type (e.g., doming, ruffling, saddling,
etc.).  In addition, at present it is unknown whether the relationship between Raman line frequencies and the
magnitude of distortion varies with the type of distortion.  Further improvements in the spectroscopic probes of
porphyrin structure are another specific goal of the proposed work.

Molecular modeling studies coupled with the spectroscopic data and the NSD results provide critical insight
into the possible mechanisms by which the surroundings of the porphyrin can induce various nonplanar
distortions.  A molecular mechanics force field has been developed and exhaustively validated experimentally for
the prediction of porphyrin conformations.7,8,11,13-16  The molecular modeling will provide information about the
energetics of nonplanar distortions, aiding in the determination of their functional significance and structural
origin.
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Finally, the relationships between chemical function and heme structure will be directly examined in proteins
and model porphyrin systems.  For example, a series of porphyrins in which the magnitude of the nonplanarity is
varied by changing the bulkiness of the peripheral substituents will be used to investigate the effect of each type
of nonplanar distortion on axial ligation and other chemical properties.  Such investigations will determine the
magnitude of the effects induced by nonplanar distortion and the different ways in which nonplanar conformers
can influence chemical properties.  In the proteins, NSD results for heme proteins will be correlated to functional
properties in as much as is possible.  Also, protein function will be varied by mutation and by changing the pH
and other solution properties, so that possible correlations with the spectroscopically-determined heme
conformations can be ascertained.

b. Background and Significance

Structure-Function Relationships in Hemoproteins.
Since Warburg's work beginning over 70 years ago,17 the
heme proteins have been intensely investigated with the aim
of determining the structural mechanisms controlling their
varied biological functions.  The major remaining questions
concern the role of the protein in modulating the properties
of the iron-porphyrin cofactor to yield the specific biological
functions, e.g., electron transfer (cytochromes), O2 transport
and storage (hemoglobin, myoglobin), respiration
(cytochrome oxidase), or catalysis (peroxidase,
monooxygenase, catalase).  The immediate surroundings of
the heme active site certainly have a dominant influence on
function; in particular, axial coordination to the central iron
atom, covalent attachment of the heme to the protein, and
amino acid side chains in the immediate vicinity of the active
site are all important.  However, subtle influences on the
structure of the active site are sometimes observed to modify
the activity of the protein.  For example, in the cytochromes
the number, H-bonding interactions, conformations, and
nature of the axial ligands appear to be of primary
importance in governing the redox properties.18  As another
example, the hemes in hemoglobin have oxygen affinities that
depend on whether the other hemes have O2 bound as an
axial ligand or not.  Heme affinity differences in hemoglobin
have been ascribed to subtle structural changes in axial
coordination to the iron atom which are transmitted from one
heme to the others through the protein's tertiary and
quaternary structure.19  It is also possible that conformational
differences in the heme itself may influence the reactivity of
heme proteins.

To arrive at a detailed structural understanding of the function of heme proteins requires a thorough
knowledge of the various influences of structure on function.  In many instances, the structure of the heme is
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Figure 1.  Linear displays of the hemes in the α and β-
subunits of deoxyhemoglobin A and in cytochrome c
isolated from yeast.  The dotted lines represent the
simulated structure obtained from a linear combination
of displacements along only the lowest-frequency normal
coordinate of each out-of-plane symmetry (vide infra).
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ignored in the proposed structural mechanism.  However, crystallographers have recently noted some highly
distorted heme conformations occurring in X-ray structures of proteins.20  And, since the heme prefers a nearly
planar conformation in solution,7,11,13 the question arises as to why such energetically unfavorable nonplanar
conformations frequently occur in proteins, and what role if any they have in the function of the protein.

Occurrence and Characterization of Nonplanar Heme Conformations in Proteins.  Nonplanar porphyrin
macrocycles are observed in many heme proteins, although the largest distortions are seen in the c-type
cytochromes and the peroxidases.  Figure 1 shows the conformations of typical hemes in X-ray crystal structures
of human hemoglobin and yeast mitochondrial cytochrome c.5  In the linear displays of the heme shown in Figure
1, the z-displacements of the atoms relative to the mean plane of the macrocycle are expanded, to show more
clearly the deviations from planarity.  This type of display also clearly illustrates the variety and complexity of the
heme distortions occurring in proteins.

Recently, we have devised a computational method which allows the nonplanar distortions to be quantified in
terms of a few displacements along the most deformable normal coordinates of the D4h symmetric porphyrin
macrocyle.5,12  This normal structural decomposition (NSD) procedure greatly simplifies the description of these
geometrically complex structures.  Furthermore, a simple bar graph of the displacements clearly shows the
similarities and differences in the structures of the hemes.  Figure 2 shows the NSD results for X-ray structures
of a variety of types of proteins.  The lengths of the bars represent the displacements along the lowest-frequency
normal coordinates of each out-of-plane symmetry
type that are required to give the best fit to the X-
ray structure.  Pure 1-Å displacements along each of
these normal coordinates (normal deformations) are
illustrated in Figure 3.  These normal deformations
form a (minimal) basis for characterizing the
nonplanar distortions of the heme.5,12,16

The great variety in the types and magnitudes of
the heme deformations in the proteins is clear from
Figure 2.  What is surprising is that in many cases
these distortions are conserved for proteins of the
same type that are obtained from different species.
Figure 4 shows the NSD results for the hemes of
three species for several different types of hemoproteins.  Considering the approximately 0.1-Å errors in the
atomic positions inherent in the X-ray crystal data, and thus in the deformations determined using NSD, the
proteins within each type are remarkably similar.  Individual displacements along the normal deformations of as
large as 1.0 Å are observed.

It is clear from the NSD results that the heme conformation is conserved in many cases, and thus that it may
play a role in the function of these enzymes.  An alternative view is that the structure of the heme may just reflect
the protein's tertiary structure, which is known to be remarkably similar for proteins within a class, and has little
or nothing to do with function.  Even in this case, the structure of the heme reflects the tertiary structure of the
protein, and knowledge of the structure of the heme will provide a probe of the tertiary structure at the active
site.  Thus, it would still be useful to investigate the structures of the hemes in protein crystals and to develop
spectroscopic means to determine their conformation in other environments.

The Role of Nonplanar Conformers in Hemoprotein Function.  Several other developments suggest that a
detailed investigation of the structural role of the heme in protein function is timely.  First, a large number of
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studies of model nonplanar porphyrins has given new insight into the conformational flexibility of porphyrins and
the energies and interactions necessary to produce nonplanar distortions.3,7,8,10,11,13-15,21-28  More reliable
spectroscopic probes of nonplanarity are a product of these investigations.  In particular, resonance Raman
spectroscopy has proved to be one of the best probes of the conformation of the porphyrin.  In fact, it was the
first technique to detect24 and the only method currently known that can quantify the conformational equilibrium
between planar and nonplanar forms of metal porphyrins.3,7,10a,24,25,28  The high sensitivity and selectivity of
resonance Raman spectroscopy are some of its well known advantages for exploring the structures of hemes.30

A second important recent development is that molecular modeling of porphyrins has reached new levels of
accuracy in the prediction of porphyrin structures and conformational energies.7,8,11,13,15,16  These new
computational capabilities are essential because at present spectroscopic and crystallographic methods alone are
inadequate for distinguishing and evaluating the types of distortions shown in Figure 3.  Molecular mechanics
calculations provide a useful tool for interpreting experimental results, and, when used judiciously, can be
employed to differentiate between various scenarios in the absence of experimental data.  Further, molecular
mechanics calculations can predict the presence of conformers which may be energetically accessible, but not
populated and thus not observed spectroscopically or in X-ray structures.  Such stable conformational states of
the heme may nevertheless have functional significance.

It is our goal to use these evolving new techniques in combination to investigate the role of protein-induced
nonplanar distortions of hemes in the function of hemoproteins.  The significance of the proposed work lies not
only in an improved understanding of the fundamentals of hemoprotein function, but also in providing a fuller
understanding of the relationship between the structure and function of metalloporphyrins in general.  The
proposed work should therefore aid in developing synthetic porphyrins for use in biomimetic processes and other
commercial applications.  This is another goal of the proposed research, one that is related to our efforts to use
molecular design methods to tailor catalysts, sensor molecular-recognition elements, and optical materials.

Protein Folding.  The protein-folding problem is to calculate the tertiary structure of a protein given its
amino acid sequence.  The ultimate goal is to fully understand how primary structure translates into three-
dimensional structure and specific biological function of the protein.  A secondary goal is to be able to design and
produce synthetic proteins with tailored functionality.  One problem with this scenario is that it is largely
unknown how the protein conformation relates to function for many proteins.  Given a functional role for
nonplanar hemes, the hemoproteins offer a unique opportunity to investigate the consequences of protein folding
on heme structure and function.  Thus, another aim of the proposed work is to answer the question of how
protein folding controls the heme distortion and its consequent reactivity.  Molecular mechanics calculations and
NSD of the heme conformation in proteins and in short heme-bound protein segments will reveal how the protein
matrix controls the heme structure.  In particular, the complex energetic landscape relating protein folding and
heme conformation will be mapped out for heme-peptide fragments and hemoproteins like cytochrome c.
Resonance Raman spectroscopy will be used to provide
experimental validation of the results.

c. Preliminary Studies / Progress Report

We start with a brief description of the normal structural decomposition method and its application to
hemoprotein X-ray crystal structures.  The NSD results for the c-type cytochromes will be shown to suggest a
testable structural mechanism for the origin of the nonplanar distortion of the heme that is prevalent for most of
the cytochromes c.  As an illustrative example of the types of studies to be carried out, we will present

Figure 3.  NSD results for 3 proteins from different
species for several types of hemoproteins.  For full details
of the protein structures see reference 5.
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preliminary data on nickel-reconstituted
cytochrome c and its digestion product,
nickel microperoxidase-11 (NiMP-11).
The rationale for selecting this initial study
will be given to illustrate how we expect
other structural mechanisms to become
evident from the NSD of the other
hemoproteins, and how experimental
systems will be chosen to validate the
proposed mechanisms.

Normal Structural Decomposition of
the Out-of-Plane Distortions of Hemes of
Proteins.  The NSD method is simple in
concept.8  It relies on the fact that the
distortions of the 24 macrocycle atoms
from ideal square-planar geometry can be
given in terms of the 3N-6 = 66 normal
coordinates of the macrocycle instead of
simply giving the x, y, and z displacements
of each atom in the porphyrin skeleton.  The advantage of a
description in terms of the normal coordinates is that the distortional
energy of the macrocycle takes its simplest form in the normal mode
representation.  In particular, the distortion of the porphyrin takes
place primarily along only the lowest-frequency normal coordinates
because the restoring forces are smallest for displacements along
these coordinates.  In other words, the largest distortions are usually
observed for the lowest-frequency normal coordinates because they
are the softest modes of distortion.

A mathematical procedure has been described5,12 which projects
out the distortions from an ideal geometry (chosen to be a planar
copper(II) porphine macrocycle) along the normal coordinates.  The
coordinate eigenvectors of each symmetry type are obtained from a
normal coordinate calculation.  Importantly, the lowest-frequency
normal coordinate of each symmetry type is insensitive to the detailed
nature of the metalloporphyrin force field.  Figure 3 illustrates a 1-Å
distortion along the lowest-frequency vibrational modes of each out-
of-plane symmetry type that is used in our normal structural
decompositions.  One easily identifies each of these normal
deformations, ruffling (B1u), saddling (B2u), doming (A2u), waving
(Eg), and propellering (A1u), with various nonplanar conformations of
the macrocycle that commonly occur in X-ray crystal structures of
symmetrically substituted porphyrins.

For a given porphyrin structure, the computational procedure ascertains the contribution of each normal
mode to that structure.  For example, Figure 5 shows the X-ray crystal structure of nickel tetraphenylporphyrin
along with the simulated structure obtained by adding up the projected-out displacements along only the ruf, sad,
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Figure 5.  Hydrogen-bonding network in the
peptide segment (CAQCH) of the horse
cytochrome c, including the cysteines, the two
residues between the cysteines, and the
proximal histidine ligand of the iron atom.
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dom, wav, and pro normal coordinates.12,27  Using only the displacements along these 6 lowest-frequency normal
coordinates, addition of the individual displacements gives a simulated structure that closely matches the
observed structure (orange dotted lines).  In fact, for NiTPP only the ruf and sad deformations contribute to the
distortion as shown in the histogram on the right in Figure 5.12,27

In general, an exact representation of the observed conformation usually requires that the deformations along
additional normal coordinates be added into the simulated structure.  However, an essentially exact
representation of the structure always requires far fewer than the total number of out-of-plane normal
coordinates (N-3 = 21).  On the other hand, when applied to protein crystal structures, the poorer resolution
(compared to porphyrin crystals) usually precludes the determination of displacements for more than the lowest-
frequency normal coordinates.  That is, the high-frequency normal coordinate displacements are smaller than the
statistical positional errors in the X-ray refinements.  The dotted lines in Figure 1 show the simulated structures,
based on just the lowest-frequency normal coordinates, for some hemes in protein X-ray structures.  The
deviations between the simulated and observed structures are addressed fully in a manuscript on NSD that is in
press.5

Structural Hypothesis for the Origin of the Nonplanar Distortion of the Heme of Cytochromes c.
Examination of Figure 1 shows that the most out-of-plane atom of the heme for yeast cytochrome c is the meso-
carbon between pyrroles I and II.  This is a general feature of the nonplanar conformations of the hemes of c-
type cytochromes, and has led to the suggestion that the covalent attachments to the protein at the 2- and
4-positions of pyrroles I and II cause the distortion from planarity.6,20a  Specifically, the short protein segment
between the cysteine residues could contract the distance between the thioether linkages to the heme, causing the
porphyrin to buckle.  In particular, we propose that the hydrogen-bonding network in this segment, illustrated in
Figure 6, may act to contract this protein segment, giving rise to the nonplanar distortion.

Other support for this structural hypothesis comes from the NSD results for other cytochromes.  The NSD
results for the four-heme cytochromes c3, given in Figure 7, are particularly convincing.5,12  Hemes 2 and 4
typically have four intervening residues between the cysteines, whereas hemes 1 and 3 have two intervening
residues as in the mitochondrial cytochromes c.  Figure 7 shows that the heme conformations for these proteins
are generally well conserved for different strains even though very little of the peptide is conserved.  In fact, less
than 10 residues (out of well over 100) other than the cysteines and histidines bound directly to the hemes are
conserved for the strains listed.  The maintenance of the structure of the heme with so little sequence homology
between the strains suggests that only a small portion of the protein is required to generate the major part of the
distortion.

A striking difference in conformation is noted (Figure 7) for the Norway strain for heme 4 compared to
hemes 4 of the other strains; this conformational difference most likely results from the deletion of two of the
four residues between the cysteines for the Norway strains of D. sulfuricans.  Also, notice that the predominant
deformation becomes ruffling when only two residues intervene as for heme 1 of cytochromes c3 and the heme of
the mitochondrial cytochromes c.  Thus, these NSD results directly implicate the peptide segment between the
cysteines in controlling the heme distortion.

The cytochromes c' provide another indication of the importance of the peptide segment that includes the
cysteines and the proximal histidine, and further point to the importance of the hydrogen-bonding network in this
peptide segment.  Examination of the crystal structures of the cytochromes c' show that the conformation of this
segment differs from that in the mitochondrial cytochromes c, resulting in only one hydrogen bond for the
cytochromes c'.  This difference in hydrogen bonding could account for the predominance of saddling in the
cytochromes c' as opposed to ruffling for the cytochromes c (Figure 4).
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In summary, it is clear from the NSD results for the c-type cytochromes that the peptide segment between the
covalent cysteine linkages to the protein may be responsible for the distortion of the heme.  Further, hydrogen
bonding within the backbone of this segment may also be important in causing the distortion.  We now give
preliminary results obtained from experiments and calculations designed to test this structural hypothesis.

UV-visible Absorption Experiments on Nickel-Reconstituted Cytochrome c and Nickel Microperoxidase-11.
The nickel derivatives were chosen for two reasons: first, a great deal of information on model nonplanar nickel
porphyrins is available to aid in interpreting the spectral results reliably,1c,d,3,7-11,13-16,21-29 and, second, the presence
of nickel instead of iron insures that the proximal histidine will not be coordinated to the metal in the low and
high pH regions of the protein and at all pH values for NiMP-11 (vide infra).  Both of these consequences of
nickel replacement help to simplify the interpretation of the spectroscopic results.  Additional advantages of
nickel reconstitution will become clear in the discussion that follows.

Nickel Microperoxidase-11.  In a Raman study of iron(III) MP-8 by Desbois and coworkers,28 they showed
that the nonplanar conformers observed in the X-ray structures of Cyt-c are probably also present in MP-8 in
aqueous micellar solution, and that the nonplanar conformation is essentially due to the three-point attachments
between the heme and protein, i.e., the two thioether bridges and the Fe-His bond.  Indeed, replacement of the
proximal His with an exogenous His ligand results in a less distorted heme, based on the shifts in the frequencies
of two distortion-sensitive Raman lines, ν8 and ν10.  The use of these lines as markers for porphyrin nonplanarity
is based on the known behavior of these lines upon ruffling of
nickel porphyrins, which is due primarily to the work of our
group.3,8,24,25  The detailed pH dependence of the distortion was
not addressed in this work.

Replacement of Fe with Ni lowers the affinity of the metal for
His as an axial ligand, effectively breaking the metal-His bond for
NiMP-11 at the pH extremes.  Thus, based on the results of
Desbois and coworkers,28 we would then expect the Ni porphyrin
of MP-11 and Cyt-c to be less distorted than the iron derivatives
because of the missing metal-His bond; on the other hand, the
small Ni(II) ion favors certain types of nonplanar distortions.16

Nonetheless, the absence of axial coordination and presence of
well-characterized Ni as the central metal allows an unambiguous
interpretation of the data for NiMP-11 (and the four-coordinate
forms of NiCyt-c).  The pH-dependent absorption spectra that
have been obtained (not shown) allow the influence of the
hydrogen-bonding network in the Cys-X-Y-Cys-His segment to
be investigated without the interference from most of the rest of
the protein.  In particular, the spectra show that NiMP-11 is predominantly four-coordinate over the entire pH
range from 0.2 to 13.0.

Nickel Cytochrome c.  Absorption spectra of NiCyt-c were obtained in the pH range from 0.5 to 14.0.  The
absorption spectra of NiCyt-c are shown in Figure 8 for the pH range from 0.5 to 7.0.  By comparison with
spectra of model Ni porphyrins, the major changes in the spectrum can be ascribed to loss of the histidine ligand
at low pH (pKa 3.5), although more subtle changes in the spectrum are also evident.  At present, we cannot say
with certainty whether the methionine ligand is bound near neutral pH or not; however, the blue shift of the

Figure 8.  Soret band region of the absorption
spectrum of Ni cytochrome c at different pH values.
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Soret-band maximum relative to six-coordinate models suggests that the
methionine may not be bound.  Further work will address this question.

At least two additional forms are evident in the spectra in the pH
region from 0.5 to 3.0 in the top panel of Figure 8 based on the lack of
isosbestic points.  These forms are four coordinate and probably differ in
the conformation of the Ni porphyrin.

Spectroscopic studies of ferricytochrome c by others31 have
demonstrated the presence of at least four conformational states of the
native iron protein in this pH region.  The conversions between the protein
conformational states IIIs ↔ IIIs,a ↔ IIs ↔ Is occur with pKa's of 3.5, 2.2
and 1.1.  The state IIIs,a  is folded in about the same way as IIIs but the
heme crevice is loosened.  Also the spin state and coordination
configuration is similar to that of IIIs.   The two protein forms below pH 3
are essentially folded forms, but with a smaller degree of protein secondary
structure and altered axial coordination.  State IIs has high-spin six-
coordinate heme with His and a water molecule as ligands.  State Is is five-
coordinate with His as the only ligand.

Similar protein conformational states appear in NiCyt-c.  The pKa of the His or His/Met ligand loss occurs at
about pH 3.5, the pK of the loosening of the heme crevice in ferricytochrome.  See Figure 9.  It was thought that
the disruption of the secondary structure in the low-pH conformational states of the iron protein, states IIs and Is,
might also happen in the nickel protein below pH 3.  This might weaken the hydrogen bonding within the peptide
segment that includes the cysteines and thus decrease the degree of nonplanarity of the porphyrin macrocycle.
Indeed, changes in the structure of the four-coordinate Ni porphyrin of NiCyt-c are evident in the Soret-band
spectral changes in the pH region from 0.5 to 2.8 (Figures 8 and 9).  These changes suggest that similar protein
conformational states exist regardless of the metal.  The absorption spectrum changes can be ascribed to
increased occupation of a planar form as the pH is lowered on the basis of the resonance Raman spectra (vide
infra).  However, it should be noted that nonplanar forms are usually associated with a red shift in the Soret
relative to the planar form, not a blue shift as seen in the spectra of Figure 8.

Even if the protein does show a less distorted porphyrin at very low pH consistent with our hypothesis, we
cannot conclude that a particular peptide segment actually causes the heme distortion based on the NiCyt-c
results alone.  The problem is that we cannot say what part of the protein is important; we only know that the
weakening of the secondary structure may be important.  For this purpose, a study of Ni microperoxidase-11 was
initiated.  MP-11 has an attached eleven amino-acid segment that includes the 5-residue CAQCH segment of
interest.  The pH-dependent absorption and resonance Raman spectra of NiMP-11 in the presence and absence of
detergent were obtained.  The presence of cetyltrimethylammonium bromide (CTAB) above the CMC was used
to prevent aggregation of NiMP-11.  NiMP-11 has the additional advantage of being mostly four-coordinate at
all pH's, making interpretation of the data in terms of macrocyclic distortions uncomplicated by axial
coordination changes.

Resonance Raman Spectra of Nickel Cytochrome c and Nickel Microperoxidase-11.  Nickel Cytochrome c.
Figure 10 shows the resonance Raman spectra of NiProtoP in aqueous CTAB solution and the spectra of NiCyt-
c at pH 1 and 3 obtained with 413.1-nm excitation.  The spectral region shown contains the Raman line ν10 that is
most sensitive to nonplanar distortion of the porphyrin because of the large downshifts that occur.  Also, the
region of the spectrum near ν10 is not complicated by spectral crowding as is the rest of the spectral region shown
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Figure 10.  Resonance Raman Spectra of Nickel
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in Figure 10.  Anticipating the presence of multiple forms and noticing the broadness of ν10, we have resolved ν10

into two sublines as shown (solid lines).  The high-frequency subline in each case is associated with the planar
form based on its frequency (1660 cm-1); the low-frequency sublines are associated with nonplanar forms.
(These assignments are based on single-crystal Raman spectra for which the macrocycle has a known
conformation.)  Even ignoring the possibility of resonance excitation effects which favor the nonplanar form, the
planar form clearly dominates for the NiProtoP model compound.  Similar ratios of nonplanar-to-planar
intensities are observed for other nickel-porphyrin models, including Ni octaethylporphyrin (NiOEP)3,7,22,24,25 and
Ni tetraphenylporphyrin (NiTPP).27  We have also shown that Ni mesoporphyrin (NiMesoP) shows a similar ratio
of nonplanar-to-planar intensities, so the presence of the vinyl groups of NiProtoP does not affect the ratio to a
significant extent.

Most interesting is that the relative intensity of the nonplanar subline is much greater for NiCyt-c at both pH
values than for the NiProtoP model.  The ratio of intensities (nonplanar/planar) is 0.6 for NiProtoP, 2.1 for
NiCyt-c at pH 1, and 3.8 at pH 3.  Thus, it appears that the macrocycle is becoming more distorted as the
secondary structure, including the H-bonding in the peptide backbone, becomes more established around pH 3.
Also, the nonplanar conformers of NiCyt-c are considerably more nonplanar than for the model compound, based
on the lower frequencies of the sublines for NiCyt-c (1647 cm-1 at pH 1, 1646 cm-1 at pH 3) compared to
NiProtoP (1653 cm-1).  Further, the degree of distortion of the macrocycle becomes somewhat greater at the
higher pH, as expected when the H-bonding network is established within the secondary structure of the protein.
Thus, the Raman data for NiCyt-c are consistent with the hypothesis that H-bonding in the heme-linked
pentapeptide is responsible for the macrocyclic distortion, but does not rule another part of the protein as its
origin.

Nickel Microperoxidase-11.  The resonance Raman data for
NiMP-11 shows more conclusively that the specified pentapeptide is
involved since little of the protein besides this pentapeptide remains.
Figure 11 shows the Raman spectra of NiMP-11 under various
solution conditions.  In CTAB, where aggregation of MP-11 is not a
problem, the Raman spectrum of NiMP-11 at pH 13 is very similar
to that of NiCyt-c.  Decomposition of ν10 into two sublines gives an
intensity ratio of 2.9 and frequencies similar to those of NiCyt-c for
both the planar and the nonplanar conformers.  The frequency of the
nonplanar form is slightly higher than that for NiCyt-c at pH 1 and 3.
Thus at pH 13 in CTAB, the presence of the peptide segment shifts
the equilibrium heavily in favor of the nonplanar form, just as does
the entire protein component in the case of NiCyt-c.  Our
preliminary Raman results show that the ruffling of NiMP-11
increases with pH up to 13 in CTAB solutions.  In aqueous solutions
of NiMP-11, the relative intensities of the planar and ruffled sublines
hardly changes at all in the pH range from 1 to 13.  We believe the
hydrophobic environment required for a strong H-bond network to form and exert its force on the macrocycle is
not established in CTAB until the heme-peptide becomes sufficiently negatively charged somewhere above pH
10.  Further, experiments are required to determine the exact pH at which the ruffling of NiMP-11 occurs and
the specific cause of the nonplanar distortion.

In summary, both the absorption and Raman data for NiCyt-c and NiMP-11 are fully consistent with the
proposed structural mechanism of heme distortion for the cytochromes.  The spectra are also consistent with
previous studies of FeCyt-c and FeMP-8, including variable pH protein-folding studies.28,31
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FeMP-5 Molecular Mechanics Calculations.  Molecular mechanics
calculations can greatly aid in locating the site(s) in the protein that
produces the nonplanar distortion of the heme.  For the cytochromes c,
we can calculate the structure of the heme with various attached protein
components to test the hypothesis that the distortion is caused by the
pentapeptide.  Figure 12 shows the calculated structures of pentapeptide-
bound heme as well as several model Fe(III) porphyrins.  The
calculations show that the pentapeptide alone can account for the degree
of ruffling of the heme found in the crystal structures of cytochromes c.6

Panel A of Figure 12 shows the energy-optimized structure of Fe(III)
protoporphyrin IX (FeProtoP), which is almost planar (average pyrrole
ruffling dihedral angle is less than 1°).  Panel B shows the effect of
thioether modifications of the vinyl substituents of FeProtoP.  The
ruffling is probably exaggerated because the calculation done in vacuum,
possibly favoring agglomeration of the bulky substituents more than
would occur in solution.  Panel C shows the effect on the ruffling of the
CAQCH pentapeptide unit, but without the His-Fe bond being present.
And, finally, Panel D shows the effect of the pentapeptide unit when all
three attachments to the protein are intact.  In the latter case, the angle is
14°, the same as the average ruffling angle for all of the available X-ray
structures of the mitochondrial cytochromes c.  Addition of more amino
acids to either end of the pentapeptide unit has little further influence on
the heme structure.

The three-point connection of the pentapeptide is sufficient, in fact,
to explain most of the normal deformations making up the observed
distortion of the heme of the cytochromes c.  Specifically, the ruf and x-
and y-wav contributions are qualitatively predicted by the calculated
structures of FeMP-11 for the horse and tuna proteins as can be seen in
Figure 13.  However, the negative sad deformation is not reproduced by
the calculated FeMP-11 structures.  The sad deformation probably arises
from additional heme interactions with the protein (e.g., H-bonding to
the propionates) or else from a difference in the conformation of the
pentapeptide segment due to its interaction with the rest of the protein
component.  (Also, see the discussion of the natural variation in X of the Cys-X-Y-Cys-His segment in the next
section.)

Porphyrin Structural Characterization Methods.  The above discussion of our preliminary results aimed at
elucidating the structural mechanism of heme distortion in the mitochondrial cytochromes c illustrates the
methods that will be used in the proposed studies of the cytochromes and other hemoproteins.  The combination
of theoretical and experimental techniques, including molecular mechanics calculations, normal structural
decompositions, and spectroscopic methods is a crucial viewpoint for approaching this problem.  The recent
development of the NSD method gives us a particularly important new tool for successful completion of our
research goals.  The molecular modeling methods and the NSD methods will be described more fully in the
Research Design and Method section.

D.  FeMP-5 (bound His) 13.7°

C.  FeMP-5 (unbound His) 9.3°

  
B.  FeProtoP-di(methylthioether) 3.6°

A.  Fe(III)ProtoP 0.9°
Figure 8.  Effects of various 2- and 4-
substituents and interactions on the
CaN-NCa ruffling dihedral angle of
opposite pyrrole planes.
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Another advantage is our extensive experience with model
nonplanar porphyrins and our contribution to the development of
resonance Raman spectroscopy as a means of quantifying the type
and magnitude of distortion.7,8,10,11,13,14-16,21-24,26,27  We now outline
major conclusions of our recent studies of model nonplanar
porphyrins, in the context of the work of others, to demonstrate the
level of understanding attained and to provide the background for a
discussion of the proposed new research in this area.

In 1988, we discovered a third crystalline form of NiOEP and
used single-crystal resonance Raman spectroscopy to verify that
certain structure-sensitive Raman lines could be used as indicators
of the nonplanar conformation of the porphyrin.32  In 1989, we
found that NiOEP in solution is a roughly equal mixture of planar
and nonplanar conformers,24 identifying these solution forms with
the planar and nonplanar crystalline forms investigated earlier.  This
finding was subsequently confirmed by an independent study by

Czernuszewicz et al.25  We later showed this to be a general property of β-pyrrole substituted Ni porphyrins,
including biological porphyrins like protoporphyrin.3  We also showed that the environment of Ni porphyrin
influences the equilibrium between these conformers.  Specifically, the formation of π−π complexes or dimers, and
binding to the active site of hemoglobin and its α-subunits, shift the equilibrium in favor of one form.  In
particular, binding NiProtoP to hemoglobin forces the macrocycle to the planar conformer even in the absence of
axial coordination of the proximal His.  This was a particularly interesting finding in that the protein was shown
to exercise direct control over the macrocycle structure through only nonbonding interactions.  Subsequent to
these findings in 1989 and 1990, we began a series of investigations8,9 of nonplanar synthetic porphyrins in
collaboration with Prof. Kevin Smith and, at the same time, we began a Raman investigation of the structure of
cofactor F430 of methylreductase.10  F430 is a Ni corphin which facilitates methylreductase activity.  Reduction
of the porphyrin ring in F430 facilitates changes in the oxidation state of the Ni atom by increasing the out-of-
plane flexibility of the macrocycle.29  The Raman studies of the model compounds provided a correlation
between the frequencies of the structure-sensitive marker lines and the degree of nonplanarity of the macrocycle.
8,9

As the prevalence of nonplanar porphyrin conformers and their possible importance in biological systems
became evident, our studies became more diverse including a wider range of nonplanar porphyrin models and
other spectroscopic probes, primarily NMR and X-ray crystallography.15,26  These studies verified the structure-
frequency relationships for a broader range of porphyrins and also served to refine and validate the predictions of
our molecular mechanics force field (vide infra).  They also elucidated the important role of the substituents and
their orientations in determining the nonplanar conformation, the effect of the nonplanar conformation on axial
ligand orientation, the existence of nonplanar conformational isomers at higher energy than the ground-state
conformer, ring current effects, and macrocycle inversion processes.  In some cases a number of stable
conformers (local minima) are thermally occupied at room temperature.14,15c,g   These thermally accessible
conformers may play a role in some biological processes.

Other investigations of nonplanar porphyrins looked at the effect of the central metal on nonplanar structure
using resonance Raman spectroscopy.7,11,13  These studies also served to develop suitable force-field parameters
for Co, Cu, Zn, Pd,  and Fe for the molecular mechanics calculations.  The results show that large metals reduce
the magnitude of the distortion for highly sterically crowded porphyrins.  The metal size was also found to
reduce the slope of the well-known core-size correlations for the structure-sensitive Raman lines.  For porphyrins
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Figure 9.  NSD results for calculated structures of
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structures of the corresponding  cytochromes c.
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that coexist in both planar and nonplanar conformers, increasing the metal size shifts the equilibrium in favor of
the planar form.13  The latter work also provides an estimate of the steric repulsion energy necessary to cause the
distortion.   The study also showed that Fe porphyrins should exhibit only the planar conformer for biological
porphyrins like FeProtoP in the absence of a perturbing protein environment.

Different types of deformations were examined in recent investigations.8,16  A series of nickel meso-tetraalkyl-
substituted porphyrins with alkyl groups of varying steric size exhibit nearly pure ruf deformations.8  The
magnitude of the distortion increases with the bulkiness of the substituent, so the variation of the Raman-line
frequencies and absorption-band positions were determined and correlated with molecular mechanics structural
parameters and transition energies calculated using INDO/s semiempirical methods.  A study of 5,15-dialkyl
substituted porphyrins investigated the consequences of the addition of a dom deformation to the ruf
deformation.16  Differing dependencies of the Raman frequencies on the magnitude of the distortion were found
when the dom and ruf deformations are both present in the structures.  This work also represents the first use of
the NSD method for analyzing porphyrin structures, and in this case both calculated and X-ray structures were
available for comparison.

Because almost all Ni porphyrins show ruffled conformers, we
became interested in whether Ni porphine (NiP) with only
hydrogen substituents would also be nonplanar.21  That is, whether
at least some steric interaction of the peripheral substituents is
necessary to observe nonplanar conformers.  An X-ray crystal
structure of NiP was obtained.  Together with the Raman spectra
taken both in solution and in the crystal, the data show that NiP
exists in solution only as the planar species.21

Structure-Reactivity Relationships in Model Porphyrins.
Functional properties of tetrapyrroles that are affected by
nonplanar distortion include absorption-band energies and
extinction coefficients (e.g., Figures 8 and 14) and other
photophysical properties like excited state lifetimes.33  Studies by
our group and others have shown that nonplanar distortions
influence the oxidation potential of the porphyrin ring.34,35

Macrocycle distortion may also influence metal oxidation and
reduction potentials.

Ligand binding chemistry is another property that is influenced
dramatically by nonplanarity of the porphyrin macrocycle.  Figure
14 shows the absorption spectra of a series Ni derivatives of meso-
tetraalkylporphyrins (the alkyl groups are Et = ethyl, Pr = propyl,
Pe = pentyl, Me = methyl, iPr = isopropyl, cH = cyclohexyl, and
tBu = tert-butyl.) in neat piperidine solution.   In this coordinating
solvent, planar NiTPP (Ph = phenyl) is almost fully six-coordinate.
The alkyl porphyrins, in contrast, are only partially six coordinate.  The four-coordinate Soret-band peak
positions are indicated by the blue line and the six-coordinate peaks are indicated in red.  The red shift in the
Soret band of the four-coordinate species resulting from increasing nonplanar distortion is evident.  The six-
coordinate Soret bands are at almost identical wavelengths because the large high spin Ni ion causes the
macrocycle to be nearly planar for the porphyrins for which a six-coordinate species is observed.  The amount of
the six-coordinate species, obtained from the relative areas of the two Soret bands, decreases as the substituents
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Figure 10.  Absorption spectra of a series of meso-
tetra-alkyl-substituted porphyrins with progres-
sively more bulky alkyl groups (top to bottom).
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become larger, with no six-coordinate form at all observed for the secondary and tertiary alkyl substituents.  The
equilibrium constants in pyrrolidine, K1K2, are 25 for NiTPP, 0.50 for NiTPrP, 0.34 for NiTPeP, and 0.18 for
NiTMeP.  The observed decreasing axial ligand affinity with increasing nonplanarity cannot be explained by
electron-donation effects of the substituents since the alkyl substituents differ only marginally in this respect.  The
preliminary evidence indicates that the equilibrium constant K1 for addition of the first ligand is much larger than
K2 for addition of the second ligand when the porphyrin is nonplanar.  This probably occurs because energy is
required to make the nonplanar macrocycle go planar in order to accommodate the larger high-spin nickel atom,
thus lowering the binding energy for the first ligand.  Since the spin-state-change and the core-expansion energies
are expended on addition of the first ligand, the second axial ligand binds much more easily.  Further studies are
underway to define the relationship between axial ligand reactivity and nonplanar distortion.

d. Research Design and Methods

Normal Structural Decomposition of Heme Protein Crystal Structures.  Our first task will be to structurally
decompose the greater than 500 hemes contained in all 325 hemoprotein crystal structures in the Brookhaven
protein data bank (PDB).  The NSD results will be published as parts of papers on various aspects of the
structural motifs discovered and also made available to other researchers on the Internet.  Several possible
structural motifs have already been noticed for subsets of the proteins and these will be the initial targets of the
complete NSD analysis of the PDB structures.  Some examples of possible structural motifs of the heme that
have been recognized so far are:

(1) It has been suggested that oxidation state and spin state of the iron influence the metal size and thus the
tendency of the porphyrin to undergo certain distortions.20a,36  For the cytochromes c, this tendency, if present, is
probably not statistically significant in the presently available NSD data.  We will consider this hypothesis using
NSD in all of the hemoproteins, classified according to oxidation and spin states of the iron, to see if this
proposal is born out in the complete body of crystallographic data.

(2) Axial coordination of exogenous ligands influences the electronic properties of the iron, its location
relative to the macrocycle, and may also influence biological activity.  On the other hand, our preliminary analysis
of current NSD results suggests that axial ligation may have less effect on the structure of the macrocycle than
one might expect.  We intend to determine the influence of axial ligation on the macrocyclic structure by using
NSD to examine all proteins for which structures are known for both the unbound protein and the protein with
bound exogenous ligands.  This will also reveal the effect of different ligands on the distortion of the porphyrin
macrocycle.

(3) Experimental and theoretical studies have suggested that orientations of the endogenous axial ligands
influence the out-of-plane distortion of the macrocycle, and that the converse is also true.15e,37  We will determine
how axial ligand orientation correlates with heme structure in the hemoproteins.  Preliminary indications are that
ligand orientation may influence the macrocyclic structure in the proteins but that it is not the determining factor.
In addition, the macrocycle distortion can have a strong influence on ligand orientation.  However, many
examples can be found in the protein crystal data that suggest that out-of-plane distortion alone does not control
the ligand orientation.  Addressing these questions in the complete body of X-ray crystal data by NSD analysis
will lead to a greatly increased understanding of the role of axial ligation in determining macrocycle structure,
and vice versa.
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Of course, we will identify all protein types for which the heme conformation is conserved.  In the course of
these NSD studies, the detailed X-ray structure of each protein will be examined to try to determine the
structural origin of the heme distortion.  To date, we have mainly concerned ourselves with similarities between
heme structures in proteins of the same type, whereas closer examination of the differences between structures in
related proteins may reveal the influence of the amino acid sequence on heme conformation.  These NSD
analyses will be performed at UNM by the PI, postdocs and graduated students.

Normal Structural Decomposition of Synthetic Porphyrin Crystal Structures.  We will structurally analyze
most if not all of the roughly 1300 crystal structures of porphyrins in the Cambridge structural data bank.
Preliminary analysis of some of these structures indicates a wealth of information on the causes of nonplanar
distortions of porphyrins.  For example, the NSD data so far examined indicate that crystal packing forces
influence macrocycle structure primarily by determining peripheral substituent orientations.  The fixed substituent
orientations then account for the macrocycle conformation.  This and other hypotheses will be investigated.
Finally, NSD analysis of crystal structures of synthetic porphyrins will also give information on the contribution
of other deformations besides the lowest-frequency ones.  This structural information is not obtainable from NSD
studies of the protein crystals because of the inherently larger uncertainties in the atomic positions.  This work
will be done by personnel at UNM.

The Normal Structural Decomposition Method: A Minimal Basis for the Description of Nonplanar Heme
Distortions.  We now provide a brief description of the NSD method.  The description of the nonplanar
distortion of a porphyrin in terms of equivalent displacements along the out-of-plane normal coordinates provides
a uniquely useful framework for analyzing porphyrin structures.  The lowest-frequency normal coordinates of
each symmetry type are the softest modes of distortion, i.e., the restoring forces (or macrocyclic distortion
energies) are the smallest for displacements along these normal coordinates.  Thus, these deformations are
expected to predominate in the observed heme distortion.  Further, because the out-of-plane displacements along
these normal coordinates are the largest, they are the most statistically significant in the reported heme
decomposition results.  Expressing the distortion in terms of only the six (out-of-plane) normal deformations [sad
(B2u), ruf (B1u), dom (A2u), wav(x), wav(y) (Eg), pro (A1u)] also yields a much simpler description of the heme
conformation.

The static 1-Å deformations along the lowest-frequency out-of-plane normal modes of each symmetry type
form a minimal basis for describing the distortions.  In fact, only five values must be given to characterize the
heme structures in the protein because the pro deformation is usually too small to be statistically significant (vide
infra).  For these reasons, only a simplified version5 of the full procedure for normal structural decomposition12 is
herein described and is sufficient for analysis of the hemoprotein crystal structures.

Linear Combinations of the Minimal-Basis Normal Deformations.  Figure 3 illustrates the static 1-Å
deformation along the lowest-frequency normal mode of each out-of-plane symmetry type.  The atomic
displacements shown and the frequencies given in Figure 3 are for the normal modes of the D4h-symmetric copper
macrocycle that is used as a reference structure.  (A complete discussion on the choice of this reference structure
is given in reference 12.)  Briefly, the energy-minimized reference structure and its normal modes are calculated
using a molecular mechanics force field developed for metalloporphyrins and the VIBRATE routine of
POLYGRAF (Molecular Simulations).8,11,16  The normalized static displacements shown in Figure 3 are defined
in non-mass-weighted coordinate space and are referred to as normal deformations.  An observed structure is
analyzed by projecting out the optimum displacement along these normal deformations [(sad, 65 cm-1), (ruf, 88
cm-1), (dom, 135 cm-1), [wav(x), wav(y), 176 cm-1], and (pro, 335 cm-1)].5,12  A simulated heme structure is
obtained by forming the linear combination of normal deformations determined by these displacements.  Then the
simulated and observed structures are compared in a linear display as shown in Figures 1 and 5.
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Mathematically, the nonplanar heme distortion is simulated by the optimal linear combination of the six
normal deformations according to:

∆z D D D D D D Dsim ( ) ( ) ( ) ( )= + + + + + =
=

∑d d d d d d dsad sad ruf ruf dom dom wav x wav x wav y wav y pro pro k k
k

$ $ $ $ $ $ $
1

6

, (1)

where ∆zsim  is the 24-dimensional vector of displacements of the macrocyclic atoms from the mean plane in the
simulated structure.  The normalized vectors $Dk  are the 24-dimensional basis vectors (normal deformations)
shown in Figure 3; the subscript k designates the sad, ruf, dom, wav(x), wav(y), and pro normal-deformation
types.  The atomic displacements for each normal deformation are given in the Supporting Information of
reference 12.  The scalar coefficients dk (in Å) are the displacements along the normal deformations $Dk .

Determination of the Displacements along the Normal Deformations.  The displacements dk in Eqn. (1) are
obtained by the least-squares method.  That is, the values of dk are determined by requiring that the sum of the
least-squares residuals between the simulated, ∆zsim , and observed, ∆zobs , distortions be a minimum,
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where the vertical bars represents the norm of the vector.  Eqn. (2) requires six equations,
∂
∂
f d
d

k

k

( )
= 0  ,  where k : sad, ruf, dom, wav(x), wav(y) and pro . (3)

Since the normal deformations are orthogonal by symmetry $ $¢ =D Dk j kjde j, the solution is simply given by the

vector product,
dk k= ′$D z∆ obs . (4)

The set of displacements dk determines the total simulated distortion Dsim
oop  (in Å).  Using Eqn. (1), we then

obtain,
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The total observed distortion Dobs
oop  is given by the observed atomic ∆z displacements of each of the 24

macrocyclic atoms ∆znb gobs
 with respect to the mean plane,5,12
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Estimation of the Macrocycle Distortion Energy.  For small displacements (harmonic approximation), the
total macrocyclic distortion energy is simply the sum of energy terms for each of the out-of-plane normal-mode
coordinates.  In terms of the displacements dk , the total distortion energy is given by
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Qk  is the root-mass-weighted normal coordinate, ~n k  (in cm-1) is the vibrational frequency of the kth mode, and c
is the speed of light.  The force constant, Kk  (in kJ mol Å1- -2), is associated with the distortion energy for a 1-Å
displacement in the non-mass weighted coordinate system.  The force constant depends on the square of the
vibrational frequency and, to a lesser extent, on the atomic masses.  Using the molecular-mechanics-derived
frequencies for the copper-macrocycle reference structure, the energies for a 1-Å deformation are 9.1 (sad),
16.5 (ruf ), 41.3 (dom), 67.3 (wav), and 238.4 kJ mol 1−  (pro), respectively.5,12  For example, the approximately
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1-Å ruffling of the heme in cytochrome c requires approximately 16.5 kJ mol 1−  be supplied by the protein for this
purpose.

From the energies of deformation, it is clear that the perturbation energy causing the macrocyclic distortion
(for example, protein interactions or steric crowding interactions between bulky substituents at the porphyrin
periphery) can be most easily channeled into the sad and ruf deformations, less easily into the dom and wav
deformations, and almost never into the pro deformation.  However, the actual deformations observed depend on
not only on the energy but also on how effectively a particular normal deformation is in relieving the perturbing
interaction.  This is seen most clearly in the X-ray crystal structures of symmetric tetra-substituted porphyrins,
for which a nearly pure out-of-plane displacement along only one of the lowest-frequency normal coordinates
(ruf) is commonly observed.8,12  Although it is easier to distort along the sad coordinate, the ruf coordinate more
effectively relieves the peripheral steric strain and is the favored distortion mode.

Pure displacements along one of the lowest-frequency normal coordinates give the frequently observed
ruffled, saddled, and domed distortions, illustrated in Figure 3.8  Significant distortions along the wav and pro
coordinates are seen rarely because the energy required to induce a unit distortion along a particular normal
coordinate goes up as the square of the frequency of the mode Kk.  Thus, the distortion energy, in this case
provided by the steric repulsion of the peripheral substituents, is apparently too small to induce pro distortion
large enough to show up in the X-ray crystal structures.  In particular, this explains why the pro deformation is
almost never required in the sum of Eqn. (1).  That is, this deformation usually requires too much energy to
contribute significantly to the observed macrocycle distortion because of the high frequency of this mode.

While the NSD method using this minimal basis of normal deformations is found to sufficiently characterize
the heme distortions of the proteins, the  simulated structures significantly deviate from the observed structures
for the high-resolution X-ray crystal data of synthetic metalloporphyrins.12,16  In this case, an essentially exact
simulation is obtained for the out-of-plane distortion by using a basis set of deformations expanded to include the
second lowest-frequency normal coordinate of each symmetry type (extended basis).  The high resolution of X-
ray structures of the synthetic porphyrins apparently allow the small contributions from these higher frequency
normal deformations to be detected.  A discussion of the mathematical procedure for the complete (in-plane and
out-of-plane) normal structural decomposition, a discussion of the limits for using the minimal basis set, and the
application of NSD to the analysis of synthetic porphyrin crystal structures and protein-bound porphyrin
structures is given elsewhere.5,12

Molecular Mechanics Calculations of Heme Structure.  Molecular mechanics calculations will be used to
identify and quantify the interactions between the heme and the protein that give rise to the nonplanar distortions.
A good example is the cytochromes c3 for which very different structures are observed for the four hemes
(Figure 7).  Specifically, why are hemes 1 predominantly ruffled, while hemes 4 are saddled (except for the
Norway strains)?  This question can be addressed at several levels by molecular mechanics.  The simplest
calculation is to freeze the protein component in place at the X-ray structure positions and let the hemes relax in
the protein environment.  Does this give the observed contributions of the normal deformations to the heme
structure or not?  A more intensive calculation is to energy optimize the entire heme protein, and then compare
the heme structures given by X-ray crystallography and the calculations.  This is easily within the computational
limits of our new R10000 SGI workstation.  Again, does the calculated structure agree with the X-ray structure?
Using such calculations coupled with NSD analysis, specific strong van-der-Waals, H-bond, and electrostatic
interactions between the heme and protein can be located.  Further calculations can be performed in which
individual interactions are turned off to evaluate their influence on the structure of the heme.
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Similarly, segments of the protein surrounding the heme can be removed systematically to determine their
influence on the structure of the heme.  For the cytochromes c, a specific pentapeptide segment is thought to be
involved in causing the distortion, so the heme and this protein segment can be energy optimized to determine
the predicted structure.  The segment length can be varied and specific interactions can be turned on or off to
determine their influence on heme structure.  Specifically, interactions between the heme and protein and within
the protein component itself, e.g., H-bonding in the peptide backbone, H-bonding to the propionic acid
substituents, axial coordination to the iron, can be systematically "turned off" in the calculations to determine
their individual contributions to the observed nonplanar distortion.  As an example, Figure 12 shows the effect on
the macrocycle of turning off the covalent attachments of the protein to the porphyrin periphery and to the iron
atom of the heme-pentapeptide.

Finally, point mutations of the protein can be investigated by comparing the energy-optimized structures
(starting from the X-ray structure) of the wild-type and mutant proteins.  Of initial interest for the cytochromes c
are the mutants of the residues X and Y in the pentapeptide Cys-X-Y-Cys-His.  In fact, there is natural variation
of the residue X; this residue is Ser for primates and birds, Leu or Gln for yeast, and Ala for other species
including horse.  There is no X-ray structure for the Cyt-c of the birds and primates, but the structures of yeast
isozymes 1 (X=Leu) and 2 (X=Gln) are known as are the structures of tuna, horse and rice.  Thus, in comparison
with the other known X-ray structures (e.g., tuna, horse) which all have Ala for X, one would expect the largest
difference for isozyme 2 (Ala to Gln), since the Ala to Leu (iso1) modification is conservative.  NSD results
indeed show significant differences between isozyme 2 (shown in Figure 2) and the other species available
(albacore, rice, horse; Figure 4).  In particular, the negative sad deformation for these proteins becomes small
and positive for isozyme 2 and the x- and y-wav distortions become larger for iso2.  The heme conformations in
the mutants and natural variants can be calculated and structurally analyzed using NSD; the calculation results
can then be compared to the NSD results obtained from crystal structures.  In this way, various structural
mechanisms giving rise to the observed heme distortions can be detected and evaluated.  The calculated
structures will also be a useful aid in interpreting the resonance Raman data for the mutant proteins.

Similarly, the distortions caused by varying the apoprotein can be analyzed in terms of the normal
deformations produced.  In addition, the sign and magnitudes of the normal deformations for the calculated
structures can be compared to the normal deformations observed for the hemes in crystal structures.  For
example, Figure 13 shows the NSD results for the energy-optimized structure for FeMP-11 taken from tuna and
horse proteins and for the X-ray structure of the corresponding cytochromes c.  The agreement is reasonably
good except for the sad contribution.  Here, only small differences in the calculated structure are found because
the sequence differences are not in the crucial pentapeptide unit.  Our initial efforts will focus on molecular
modeling of the c-type cytochromes and, specifically, the determination of the structural mechanism of the ruf
and sad deformations.

Mutations will be chosen to test the proposed structural mechanisms.  Structures of the mutant proteins
calculated using molecular mechanics will be analyzed by NSD to determine whether the mutation influences the
heme conformation in the expected way.  The results of these calculations will be compared with resonance
Raman data on the corresponding mutant proteins supplied by collaborators Hildebrandt and Mauk and the
published X-ray structures of Prof. G. Brayer.

Subsequent investigations of this type will focus on the peroxidases, since these proteins exhibit the largest
heme distortions in the absence of covalent attachments at the heme periphery.  As for the cytochromes c,
calculated structures of the mutants will be compared using NSD to determine which point mutations influence
the heme conformation.  The mutants will be especially important for the peroxidase studies, because the specific
interactions causing the heme distortion are most likely distributed and consequently will be difficult to locate.
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The theoretical predictions will be validated by Raman studies of the corresponding mutants of cytochrome c
peroxidase supplied by Prof. J. Satterlee.  The molecular modeling calculations will be performed by the PI and
other UNM personnel using facilities at UNM/Sandia.  We now give a brief description of the molecular
modeling methods to be employed.

Molecular Mechanics Methods and the Porphyrin Force Field.  Classical molecular mechanics calculations
have previously been used for predicting porphyrin structures by our group,7,8,22,24 and others including Munro,38

Marques,39 and Kollman.40  The molecular energy-optimization calculations will be performed using
POLYGRAF software (Molecular Simulations) and a hybrid force field based on the DREIDING II force field
parameters.41  Specifically, the DREIDING II force field has been modified to include atom types specific to the
porphyrin macrocycle.9a   Force constants for the macrocycle atom types were obtained from normal coordinate
analyses of nickel porphyrins.42  The equilibrium bond lengths and some bond angles were then varied so that the
energy-optimized structure of Ni(II) octaethylporphyrin (NiOEP) obtained using the extended DREIDING force
field matched the planar crystal structures of NiOEP as closely as possible.  DREIDING II parameters were used
for all of the nonbonding interactions and for the internal force field of the peripheral substituents of the
porphyrin.  An improved force field will be used in this work.  In this force field, (1) torsions for resonance atom
types exocyclic to aromatic ring systems are reduced to 40 % of the value internal to the ring for consistency
with DREIDING II,41 (2) an exponential-6 van-der-Waals functional form is used for the hydrogen atoms,14 and
(3) DREIDING II parameters are consistently used instead of a hybrid of DREIDING I and DREIDING II
parameters.8  Also, a minor error in the counting of the nonbond interactions of the atoms bonded to the metal
has been corrected in the POLYGRAF code.  Finally, the solvent dielectric constant was set to that of CS2

(2.64).  After these changes, the force field bond distances and angles of the macrocycle were re-optimized by
least squares methods43 to match the planar NiOEP crystal structures.  These are minor corrections, and the
calculated porphyrin structures differ negligibly from those obtained with the force field used in our previous
work.  However, significantly improved conformational energies are obtained using this revised force field.

The most important change in the new force field is that the previously used out-of-plane force constants
have been reduced by 50 %.16  The 50 % value for reducing the out-of-plane force field was arrived at by
requiring that an index set of nonplanar porphyrin structures be accurately predicted.  We varied the uniform
percent reduction of the out-of-plane force constants of Li et al.42a in 5 % increments until all structures in the
index set were predicted correctly.  The index set included a group of several porphyrin crystal structures for
which previous versions of the force field predicted either incorrect conformations or degrees of distortion.  The
set includes NiOEP (planar and ruf conformers), NiTPP (planar and ruf), Ni 5,15-diphenyl porphyrin (planar and
ruf), Ni 5,15-dipropylporphyrin (gab), Ni 5,15-di-tert-butylporphyrin (gab), free base dodecaphenylporphyrin-F28

(wav), and Ni tetra-isopropylporphyrin (ruf).  For example, for NiOEP and NiTPP, only the planar conformer
was predicted with the previous version of the force field; now with the new force field both planar and ruf
conformers are predicted, with relative energies that are consistent with the equilibrium mixture of the
conformers observed in solution studies.7,16,22,24,27

Other than the success of the new force field in correctly predicting the structures in the index set,
considerations that are more fundamental suggest that this change in the force field is reasonable.  Direct
incorporation of the out-of-plane force constants42a with the in-plane force constants42c to arrive at a molecular
mechanics force field is known to be a faulty approach in this case.  This is because the out-of-plane normal
coordinate analysis42a was performed independently of the in-plane normal coordinate analysis.42c  Moreover, it is
known that the in-plane force constants contribute to the out-of-plane force field because bonds are stretched for
out-of-plane distortions.  Thus, when the out-of-plane force constants, obtained independently of these in-plane
contributions, are simply added to the in-plane force constants, then we expect the out-of-plane restoring forces
will be over estimated.  Consequently, previous extensive comparisons of calculated and experimental structures



JJ Principal Investigator/Program Director (Last, first, middle): Shelnutt, John A.

PHS398 (Rev. 5/95) Page __20__ JJ

have shown a propensity for the previous version of the force field to underestimate the degree of nonplanarity.
The 50 % reduction in the independently determined force constants corrects this problem in an approximate
manner.  The new force field greatly improves the ability of the calculations to correctly predict the degree of
nonplanarity and the relative energies of various conformers of porphyrins.16

INDO/s molecular orbital calculations.  Quantum mechanical calculations will be carried out using the
INDO/s semi-empirical method developed and optimized for spectroscopic predictions by Zerner and
coworkers,44 and various ab initio methods such as Gaussian, QUEST, and NWCHEM.  The HyperChem
(Hypercube, Inc.) program has been used by us extensively for INDO/s calculations.  The parameter β(d) in the
INDO/s program was varied to give reasonable energies for the d-d transitions for nickel porphyrins and a value
of 32 eV was chosen.8  A convergence limit of 10-7 is used.  Molecular structures used in the semiempirical
calculations are those obtained from molecular mechanics calculations.  The quantum-chemical calculations are
performed on the entire molecule including the substituents.  In addition, for comparison, INDO calculations are
often performed on molecular analogs for which the macrocyclic structure is the same as that calculated by
molecular mechanics for the entire molecule, but the actual substituents are replaced by methyl groups.  As
expected, ab initio methods give much more reasonable relative energies for the stable conformers than INDO.

Experimental Studies of Natural Variants, Mutants, and Modified Proteins.  Resonance Raman
Spectroscopy.  All of these investigations will use resonance Raman spectroscopy to probe the nonplanar
distortion of the macrocycle.  Resonance Raman spectroscopy is an increasingly useful technique for the
characterization of the structural features of hemes in proteins.30  Various Raman lines are known to be sensitive
to structural features such as oxidation and spin state,30 axial coordination,30,28 and heme substituents such as the
propionates and thioether linkages.28,46  Of particular interest for out-of-plane heme distortions are the Raman
lines ν8, ν4, ν3, ν2, and ν10, which show well-characterized8,14,16,21-23 shifts in frequency as the macrocycle saddles
or ruffles.  In fact, resonance Raman spectroscopy is the only method that currently can detect the equilibrium
mixture of planar and nonplanar conformers that coexist in solution for Ni porphyrins.  This mixture has been
observed for NiOEP,3,24,25 NiTPP,27 Ni meso-(NO2)OEP,7 NiProtoP,3 Ni uroporphyrin,3 and the Ni-reconstituted
hemoglobin α-subunits.3  In some cases, Raman spectroscopy has been used to determine thermodynamic
parameters for this equilibrium.22,27  The lines ν8 and ν10 have been particularly useful measures of the
nonplanarity of heme peptides.28  Except for the cytochrome c mutants, all resonance Raman spectroscopy will
be performed at UNM.

Species Variation.  A number of hemoproteins isolated from different species are available commercially or
through collaborations.  These will be investigated by resonance Raman spectroscopy to determine the influence
of natural variation in the amino acid sequence on the heme conformation.  For example, pigeon, horse, and tuna
cytochromes c are available commercially and purified yeast cytochrome c isoenzymes are available from Profs.
James Satterlee and Jane Vanderkooi.  Proteins from these species cover the complete range of variation of the
amino acid residues between the cysteines for the cytochromes c.  These proteins will be investigated by
resonance Raman spectroscopy to determine the influence of the side chain at position 15, the only locus of
natural sequence variation.  Molecular modeling and NSD analysis will aid in interpreting the Raman results.  The
Raman spectroscopy and modeling will be performed at UNM.

Mutant Proteins.  We will collaborate with other research groups to obtain resonance Raman spectroscopic
data for relevant engineered mutants to test the structural mechanisms of heme distortion and to relate heme
structures to biological function.  Resonance Raman spectroscopy of yeast isoenzyme cytochrome c mutants (as
provided by Prof. A. Grant Mauk, at the University of British Columbia, Vancouver) will be carried out in the
laboratory of Prof. Peter Hildebrandt at the Max-Planck-Institut für Strahlenchemie, Mülheim a.d. Ruhr.  Prof.
Hildebrandt has agreed to provide us with the resonance Raman spectroscopic data and to design the
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experiments in tight collaboration with our group.  Special attention will be paid to a detailed analysis of line
shapes for the lines that are most sensitive to macrocycle structure.  These Raman studies will be coupled with
molecular mechanics calculations for the mutants performed at UNM.  NSD will be used to analyze the
molecular mechanics structures.

Prof. James Satterlee has agreed to collaborate on studies of the origin of the large, mainly saddling
distortion observed in the peroxidases.  His group will provide mutants of yeast cytochrome c peroxidase (see
attached letter) for resonance Raman spectroscopy to be performed in our lab at the Advanced Materials
Laboratory at UNM.  Prof. Satterlee has developed a very high expression system for virtually any mutant.  The
required purification steps have been reduced to just 2 days following lysis of the E. coli cells in which they are
grownm whereas the previously published purification required 8 days.   His group is currently cloning
cytochrome c peroxidase into a pET29a system so that the purification can be further simplified into 1 step
using the histag method.  We expect the Raman studies of the mutants to begin in the second year, but molecular
modeling of the mutants will precede the experimental work.

Modified Proteins.  We will collaborate with Prof. Jane Vanderkooi at the University of Pennsylvania on
studies of modified proteins to test the structural origins of nonplanar heme conformations.  Initially, digestion
products of cytochromes c will be investigated including MP-8 and MP-11 and their metal-reconstituted
derivatives.  The H-65 protein is another possibility.  The metal derivatives allow us to control axial ligation and
to determine the influence of the size of the metal on nonplanarity.  NiMP-11 has already been prepared and
preliminary resonance Raman and absorption spectra were obtained in the presence and absence of detergent and
at a wide range of pH values.  The modified proteins will be prepared at the University of Pennsylvania; Raman
and UV-visible spectra will be obtained at UNM/Sandia.  Low-spin Ni(II) is small and therefore favors
deformations like ruf and sad which contract the metal core and consequently shorten the metal-
nitrogen(pyrrole) bonds.  Other metal derivatives, including the Cu, Co, and Zn, will also be prepared.  These
modified proteins and the native iron derivative will be investigated with resonance Raman spectroscopy, UV-
visible absorption spectroscopy, and other experimental techniques as needed.

FeMP-11 does not show a splitting of the doubly-degenerate Q-absorption band at low temperature, but the
cytochromes c do.45  Assuming that this splitting arises from the breaking of the x- and y-symmetry of the
porphyrin, the heme in cytochrome probably undergoes an additional distortion not evident in the calculated MP-
11 structures, and further this additional distortion must break the four-fold symmetry.  For example, either a
pure ruf or a pure sad deformation results in D2d macrocyclic symmetry, retaining the x- and y-degeneracy.  On
the other hand, a mixture of the ruf and sad deformations gives S4 macrocyclic symmetry, which splits the Qx and
Qy transitions.  In this respect, it is interesting that the crystal structures of the cytochromes, which are
predominantly ruf, also show a strong sad component that is not evident in the calculated FeMP-11 structures
(Figure 13).  Low-temperature absorption and resonance Raman spectroscopy may together be able to
conclusively determine the types of deformation and the mechanism of splitting of the Q band of cytochromes c.

Some other related questions45 for the heme peptides will be addressed in our resonance Raman studies.  For
example, what is the nature of the two distinct forms of CuCyt-c that are isolated after metal insertion?  Also,
what is the nature of the porphyrin derivative formed during the preparation of CuCyt-c using the HF prep?  This
derivative could provide a useful model that is intermediate between the full pentapeptide and model porphyrins
such as mesoporphyrin.

Protein Folding.  Solution conditions such as pH and ionic strength will be varied to vary the protein
structure while using Raman spectroscopy to measure the effect of these factors on the conformation of the
heme.  In addition, the complex interaction of the heme-protein fragments with detergents will be investigated,



JJ Principal Investigator/Program Director (Last, first, middle): Shelnutt, John A.

PHS398 (Rev. 5/95) Page __22__ JJ

especially with regard to heme distortion.  Experiments with unfolding agents like guanidinium ion and DMSO
will further elucidate the relationship between protein folding and heme conformation.  The protein folding
studies will be done for both the native and modified proteins, including the heme-peptide fragments like MP-11.
At a minimum, these resonance Raman studies will uniquely probe the changes occurring at the active site as the
protein unfolds and refolds by monitoring the conformation of the prosthetic group.

Model Porphyrin Studies.  Model porphyrins will be synthesized by Dr. Michiko Miura at Brookhaven
National Laboratory, and Dr. Craig Medforth at the University of California at Davis, through an ongoing
collaboration with Prof. Kevin Smith.  The model porphyrins will be chosen for the purposes of determining
distortion mechanisms, finding spectral markers of deformation type, and evaluating structure-reactivity
relationships.  Of course, the simplest model for the heme in the cytochromes c is Fe mesoporphyrin.  Preliminary
studies by our group indicate that the structural heterogeneity of Ni mesoporphyrin is similar to that of NiProtoP.
This will be determined conclusively and will quantify the effect of reduction of the vinyl groups of the heme on
its nonplanar distortion in solution.
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We will also attempt to introduce large substituent groups at the vinyl positions to see if there are steric
effects on planarity.  A dimethylsulfide derivative or a cysteine derivative formed by reducing the vinyl groups
would be useful.  Again, special attention will be paid to the Raman lines that are sensitive to macrocyclic
structure.  The interpretation of the spectroscopic results will be supported by molecular mechanics calculations
combined with NSD analysis of the resulting structures.

Model synthetic porphyrins which constrain the macrocyclic distortion to a pure deformation along only one
normal coordinate are remarkably hard to realize, with the exception of the ruf deformation.  This conclusion is
not obvious, but comes from our preliminary attempts to design symmetrically substituted porphyrins in a purely
domed lowest-energy conformation.  Nonetheless, model porphyrins that conform to each of the normal
deformations shown in Figure 3 are needed to help develop spectroscopic markers for the different types of
distortion.  Strained, capped porphyrins would seem to be an obvious way to generate a purely domed porphyrin,
but molecular mechanics calculations show that contributions from other normal deformations are present
because of the symmetry properties of the porphyrin substituent groups.  At present, the meso-tetra-
cyclopropylporphyrin derivative seems to be the best hope for a porphyrin possessing an almost purely domed
lowest-energy conformation.  Even in this case, the domed conformer must be stabilized by H-bonding of the R =
OH groups to perfluorocyclobutane in a 1:1 complex.  Further efforts will be made to design, synthesize, and
structurally characterize porphyrins whose lowest-energy conformations are specific, pure normal deformations.
Modeling and resonance Raman spectroscopy of the resultant models will be done by our group at UNM.

Structure-Function Relationships.  We will first complete our investigation of the effects of nonplanar
distortions on the axial ligand affinity of nickel porphyrins.  At present, this work is restricted to the effect of
ruffling on affinity because of our use of the meso-tetraalkylporphyrins (see Preliminary Results section).  An
interesting follow-on to this work will be an investigation of the 5,15-dialkylporphyrins.  The lowest-energy
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conformation of the dialkylporphyrins is composed of a mixture of the ruf and dom deformations.  The effect of
the introduction of the dom deformation on ligand affinity will be determined by comparison with the
tetraalkylporphyrin results.

A study of the series of nickel dialkylporphyrins would allow
us to address another issue as well.  For the tetraalkylporphyrin,
axial ligation could induce a conformational change from a ruf to
a dom conformer.  This is possible because axial coordination can
result in the dom conformer becoming lower in energy than the
ruf conformer.47  For the tetra-substituted porphyrins, there is a
barrier between these two conformers.  This is not the case for
the di-substituted porphyrins, which admit a continuously variable
mixture of the dom and ruf deformations.  Thus, a comparative
study of these two series of porphyrins could be informative as to the consequences of energy barriers between
conformers.

Axial ligand binding to iron porphyrins is more complicated than that for Ni porphyrins because of the
involvement of more metal d orbitals in ligation, especially the dπ orbitals.  Nevertheless, out-of-plane distortions
are expected to have consequences for axial coordination of both exogenous and endogenous ligands of the heme
proteins.  Model iron porphyrins, with known macrocyclic deformations and ligand orientations, will be studied
using vibrational spectroscopy to measure the influence of the various types of deformations on axial
coordination to Fe in various oxidation and spin states.  The spectroscopic results will be coupled with molecular
modeling and NSD analysis to fully elucidate the effects of axial ligation to Fe.  Binding of both σ and π axial
ligands will also be investigated.

One area in which a connection between hemoprotein function and heme structure might be made is in
explaining the relative affinities of CO and O2 in hemoglobin and myoglobin.  Encumbered heme model
compounds have been synthesized to force the Fe-CO unit to adopt a bent geometry reported for myoglobin, and
to examine the consequences of this geometry upon reactivity.4,48  This bent binding geometry has been invoked
in order to explain the altered relative affinities of CO and O2 in the hemoproteins.  That is, by forcing a bent
geometry on the CO ligand, its affinity is reduced with respect to the unencumbered heme, whereas the affinity of
O2, which prefers the bent geometry, is unaltered.  Surprisingly, the crystal structures of some models indicate
that the mechanism may also involve a ruffling distortion of the porphyrin ring instead of the expected bending of
the Fe-C-O unit.22  Combined structural and ligand-binding studies for a series of porphyrins in know
deformations of differing magnitude will help to define the effects of macrocyclic structure on O2 and CO
binding.  For the capped porphyrin model compounds, the heme distortion may merely relieve steric interaction
with the ligand, but there may also be a direct effect of heme conformation on ligand affinity.  Molecular
modeling will also be employed to address this problem.

Another interesting possibility is that of conformational trapping of excited states.  Nickel porphyrins are
known to undergo an electronic transition that changes the metal d-orbital populations.49  The d d d

z z x y2 2 2 2
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transition results in a large change in the effective metal size.  This change in the optimal metal-nitrogen(pyrrole)
bond length favors some normal deformations and disfavors others.  See Figure 15.  In particular, the ruf and sad
deformations, which drastically reduce the optimal core size of the porphyrin, are disfavored by this d-d
transition.  In contrast, the dom deformation actually slightly increases the optimal core size and thus favors this
d-d transition.  The outcome of these structural considerations is that it is possible that the d-d electronic
transition could result in a different stable conformer becoming the lowest energy conformer.  Therefore, the

1 . 8 5

1 . 9 0

Figure 11.  Effect of different out-of-plane normal
deformations on the metal-nitrogen bond distance
for different metals.  Ruffling drastically shortens
the M-N distance, while doming slightly increases it.
The wav(x) deformation shorten the M-N bonds in
one direction and slightly lengthens the bonds in the
orthogonal direction.  Saddling (not shown) shortens
the M-N bond distance.  Results are from molecular
mechanics calculations and NSD analyses.
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electronic transition could induce a conformational change.  Furthermore, if there is a barrier between the two
conformers, as is the case for the dom and ruf conformer of the tetra-substituted porphyrins, then the
conformational barrier may trap the excited state, i.e., increase its lifetime.8,50  On the other hand, if no barrier
exists between the two conformers (e.g., two conformers differing in the relative amounts of doming and
ruffling)16, then conformational trapping of the excited state would be less likely to occur.  We will investigate
conformational trapping of the excited state of tetra(meso-tert-butyl)porphyrin and other tetra-substituted
porphyrins in collaborations with other workers using ultrafast spectroscopic techniques.

The computational and experimental studies described cover the entire range of goals outlined in the specific
aim section.  Successful completion of these challenging experiments and calculations are feasible and realistic
given four or five years of stable funding at the level requested.
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